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{Division of Molecular Genetics, German Cancer Research Center, Heidelberg, GermanyABSTRACT The mechanical properties of epithelial cells are modulated by structural changes in keratin intermediate filament
networks. To investigate the relationship between network architecture and viscoelasticity, we assembled keratin filaments from
recombinant keratin proteins 8 (K8) and 18 (K18) in the presence of divalent ions (Mg2þ). We probed the viscoelastic modulus of
the network by tracking the movement of microspheres embedded in the network during assembly, and studied the network
architecture using scanning electron microscopy. Addition of Mg2þ at physiological concentrations (<1mM) resulted in networks
whose structure was similar to that of keratin networks in epithelial cells. Moreover, the elastic moduli of networks assembled
in vitro were found to be within the same magnitude as those measured in keratin networks of detergent-extracted epithelial
cells. These findings suggest that Mg2þ-induced filament cross-linking represents a valid model for studying the cytoskeletal
mechanics of keratin networks.INTRODUCTIONThe mechanical properties of eukaryotic cells are modulated
by three distinct cytoskeletal filament systems. Two of these
systems, actin filaments and microtubules, are made from
globular subunits that arrange into polar fibers (1). In
contrast, the third system, intermediate filaments (IFs), is
composed of extended coiled-coil subunits that laterally
associate in an antiparallel fashion and hence generate
nonpolar filaments (2). In humans, IF proteins are coded
for by >70 different genes, 50 of which are keratin genes.
The expression patterns of the individual IF proteins often
mark distinct developmental pathways and reflect the phys-
iological requirements of the specific tissues (3). Further-
more, some of the corresponding gene products are
subject to intense splicing and posttranslational modifica-
tion (4). In addition to their biochemical features, the
biophysical properties of IFs are also very different from
those of actin filaments and microtubules (5,6). A hallmark
property of IFs is a low bending stiffness and tensile
modulus. In conjunction with the strain stiffening observed
in networks at large deformations, these features enable IFs
to serve as a mechanical buffer system that protects cells
from environmental stress (7–13). Consequently, it was
shown that a lack of or defects in IFs can cause structural
disintegration of cells and tissues exposed to mechanical
stress in both transgenic mice and patients (14).
Keratins 8 and 18 (K8 and K18) are the major IF proteins
found in simple epithelia. By sequence, these type I (acidic)
and type II (basic) keratins differ considerably (15,16).
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0006-3495/12/07/0195/7 $2.00assemble into filaments without a corresponding molecule
from the other class (17,18). Researchers have developed
several in vitro systems, mostly employing recombinant
proteins, to investigate the assembly process of keratin
IFs (19–22). In principle, keratins are soluble in low-ionic-
strength buffers, where they form tetrameric complexes.
With increases in the ionic strength of the buffer solution,
these tetramers laterally associate into unit-length filaments
(ULF) (23,24) containing on average 16 molecules per
cross section (24). Upon longitudinal annealing, ULFs
assemble into filaments, as observed both in vitro and in vivo
(22,25,26).
Several studies have demonstrated the important role
played by keratin IF networks in modulating cell mechanics
in various epithelial cell types (27–30). Most of these
studies, however, focused on intracellular networks, whose
physical characteristics are modulated by structurally and
functionally diverse cross-bridging proteins as well as by
interactions with other cytoskeletal filament systems. Thus,
the resultant data cannot be used to deduce the intrinsic
properties of specific keratins with sufficient accuracy.
Experiments with filament systems assembled from purified
keratin proteins in vitro have provided important insights
into the rheology of keratin IF suspensions (31,32).
However, many aspects of the regulation of keratin IF
network architecture and mechanics still remain to be
elucidated. Importantly, our knowledge about the impact
of keratin IF cross-linking on the mechanical properties of
networks is very limited. In contrast to actin networks,
with their abundance of specific binding proteins and
cytolinkers, only a few IF-associated proteins (mostly
belonging to the plakin family) have been identified so far
(33). Thus, alternative methods for connecting IFs in vitro
have to be explored. Divalent ions have been hypothesized
to play a role in vimentin IF networks (8,34). Their impacthttp://dx.doi.org/10.1016/j.bpj.2012.06.014
196 Leitner et al.on network properties appears to be nearly identical to that
of rigid protein cross-linkers in actin networks. Divalent
magnesium ions (Mg2þ) are frequently used for this purpose
because they may interact with and thereby connect fila-
ments at physiological concentrations via distinct sequence
motifs (35).
Several studies have investigated the relationship
between parameters that modulate the IF network architec-
ture, such as protein concentration, and bulk rheology
in vitro (31,32). As an alternative to bulk rheology, micro-
rheology has been shown to be of great value for character-
izing cytoskeletal network mechanics (36). In this study, we
investigated IF networks reconstituted from purified K8
and K18 at a physiological protein concentration (37). By
varying the concentration of Mg2þ, we were able to examine
the relationship between network architecture and visco-
elastic properties as measured by single-particle tracking.
In contrast to previous studies (31) in which structural
network characteristics (most importantly filament contour
length (38)) were determined by means of model-based
estimations assuming homogeneous networks (31,39),
we applied electron microscopy to measure this feature
independently.MATERIALS AND METHODS
Sample preparation and imaging
Human keratins K8 and K18 were synthesized and purified as described
by Herrmann et al. (24). The day before assembly, an equimolar mixture
of K8 and K18 was dialyzed at room temperature from 8 M urea, first in
a buffer containing 4 mM urea, 10 mM Tris, and 2 mM DTT at pH 8.5;
then in a buffer composed of 2 mM urea, 10 mM Tris, and 2 mM DTT at
pH 8.5; and finally in a buffer containing 10 mM Tris and 2 mM DTT at
pH 8.5. Dialysis was continued overnight in dialysis buffer (2 mM Tris,
1 mM DTT, pH 9.0) at 4C. Assembly of filaments was started by adding
an equal volume of 2  assembly buffer (20 mM Tris, pH 7.0) as well
as 0–2 mM Mg2þ to the K8 and K18 solution at a concentration of
0.5 mg/ml as determined by the Bradford test. To allow for microrheology
measurements, polystyrene spheres with a diameter of 1 mm (catalog No.
4009A; Thermo Fisher Scientific, Waltham, MA) were added to yield 1%
by weight. The mixed suspension was put on a glass slide for filament
assembly and subsequent microrheology measurements. Thereafter, fila-
ments were fixed with an equal volume of 2.5% glutaraldehyde and 1% sac-
charose in filament buffer (10 mM Tris, 0.5 mM DTT, pH 7.4). Samples
were gradually dehydrated in 30%, 50%, 70%, 90%, and 100% propanol.
Using carbon dioxide as the translation medium, the filament suspensions
were then critical-point dried (Critical Point Dryer CPD 030; BalTec,
Liechtenstein), coated with a 2 nm layer of platinum, and visualized with
a Hitachi S-5200 in-lens scanning electron microscope (Hitachi, Tokyo,
Japan).
We measured the filament thickness in scanning electron microscopy
(SEM) images by analyzing the grayscale profile perpendicular to the fila-
ment axis using ImageJ (National Institutes of Health, Bethesda, MD). We
determined the contour length of filament segments between cross-links by
tracing the filaments interactively using a custom-made C script. Measure-
ments were performed within regions where the two-dimensional outer
layer of the filament network that adhered to the surface of the glass slide
was clearly visible. The criteria for identifying physical cross-links were
bending of filaments at intersections and threefold connections (see
Fig. 2, inset in upper-left panel). In two-dimensional secondary electronBiophysical Journal 103(2) 195–201images, we were also able to distinguish between crossings of filaments
that did not touch each other and crossings with physical contact. Because
secondary electrons are emitted from all surfaces, there are four surfaces at
a crossing without touching, and the signal of this type of crossing is much
brighter than that of a crossing with contact.
Panc1 pancreatic carcinoma cells (American Type Culture Collection,
Manassas, VA) were grown in the presence of 1 mm polystyrene spheres,
which were taken up by phagocytosis. Preparation of cells to extract all
nonkeratin components and imaging by SEMwere performed as previously
described (40).Microrheology
A microscope equipped with an oil immersion objective (CFI Apo TIRF
100XH, numerical aperture 1.49; Nikon, Tokyo, Japan) and a high-speed
camera with a frame rate of 5000 Hz (MotionX Pro 4; Imaging Solutions,
Regensdorf, Switzerland) were employed to track the movement of
microspheres in K8 and K18 networks. The accuracy of particle tracking
(i.e., the smallest position change detectable) was 7 nm. Multiple particles
were tracked at the same time within the same image to minimize the
impact of noise on the variability of the measurement within the sample.
A minimum of 11 particles was analyzed for each condition.
We calculated the viscoelastic moduli from the mean-squared displace-
ment of microspheres of radius a using a previously described model
(41–43). The mean-squared displacement of a microsphere, hDr2ð1=wÞi,
(where r is the distance between neighboring positions for a distinct
frequency u), is locally expanded around the frequency of interest. The
complex dynamic shear modulus G*(u) is found to be jGðuÞj ¼
kBT=pahDr2ð1=uÞiG½1þ aðuÞ, where a is the power law exponent, kB
is Boltzmann’s constant, and T is the temperature. The function G*(u)
can be split into the real part and the imaginary part, where G0 is the storage
modulus G0ðuÞ ¼ jGðuÞj$cosðpaðuÞ=2Þ and G00 is the loss modulus
G00ðuÞ ¼ jGðuÞj$sinðpaðuÞ=2Þ.RESULTS AND DISCUSSION
We investigated the impact of increasing concentrations of
Mg2þ on the architecture of K8 and K18 filament networks
by SEM. By adding up to 0.5 mMMg2þ, which is within the
range of concentrations of unbound Mg2þ detected in cells
(44–46), we found that the assembly of K8/K18 filaments
at a protein concentration of 0.5 mg/ml resulted in networks
whose architecture resembled that of keratin networks
found in epithelial cells (Fig. 1). Even at a Mg2þ concentra-
tion of 1.5 mM, which is above the physiological range,
parts of the network are still reminiscent of intracellular
networks (Fig. 1 E, bead surface area). The absence of
marked alterations of network architecture in response to
the addition of Mg2þ was previously documented for vi-
mentin IF networks (35). However, we were able to detect
subtler changes by determining the distribution of segment
contour length lc, which is the distance between cross-links.
The distribution of lc shifts toward lower values for
increasing Mg2þ concentrations, with the average segment
contour length being reduced from 190 to 150 nm for
Mg2þ concentrations of 0.5 and 1.0 mM, respectively
(Fig. 2). At Mg2þ concentrations of R1 mM, the network
density markedly increases, and bundles of filaments, i.e.,
filaments running parallel in tight contact, begin to appear
(Figs. 1 and 2). We verified this observation by obtaining
FIGURE 1 Keratin network morphology visualized by SEM. (A) The K8
and K18 filament network in epithelial cancer cells after removal of the cell
membrane and other cytoplasmatic components by detergent extraction.
Before extraction, 1 mm spheres were taken up by the cell through phago-
cytosis. (B–F) Filament networks assembled from 0.5 mg/ml purified K8
and K18 proteins at the indicated Mg2þ concentrations. The 1 mm spheres
were embedded during filament assembly.
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randomly in SEM images by overlaying a Poisson point
process. Whereas only 5% of filamentous structures werefound to be bundles at 0.5 mMMg2þ, this fraction increased
to 45% and 60% for 1.0 and 2.0 mMMg2þ, respectively. The
thickness of a single filament in these SEM images was
19.0 5 1.8 nm (mean 5 standard deviation (SD)), and
that of a bundle consisting of two filaments was 34.1 5
4.1 nm. The more frequent occurrence of bundles is reflected
by an increase of the average thickness of filamentous struc-
tures from 19.9 nm at 0.5 mMMg2þ to 25.0 nm and 28.9 nm
for 1.0 and 2.0 mMMg2þ, respectively. Based on a model of
filament interactions governed by linker-binding energies,
Borukhov et al. (47) predicted this co-occurrence of bundles
and cross-linked filaments for a suitable ratio between fila-
ments and cross-linkers. Filament bundles dominate the
networks at 2 mM Mg2þ (Fig. 1 F). A similar phenomenon
was shown by Gardel et al. (48) for actin networks assem-
bled at high cross-linker concentrations.
Single-particle microrheology allowed us to probe the
viscoelastic properties of K8/K18 networks at a length scale
that is relevant for cellular behavior. A particle diameter of
1 mm was chosen according to the networks mesh size dis-
tribution showing an upper limit of <1 mm (Fig. 2). Mg2þ
was found to have a profound effect on the mechanical prop-
erties of networks, as demonstrated by the displacement
characteristics of microspheres (Fig. 3). At concentrations
of up to 0.25 mM, the average storage modulus G0 overlaps
with the average loss modulus G00 (Fig. 4). At higher Mg2þ
concentrations, G0 dominates G00 at all frequencies investi-
gated (Fig. 4). Moreover, the dependence of G0 on the
frequency decreases with rising Mg2þ concentrations
(Fig. 4 A). This behavior was previously observed for other
IFs, i.e., neurofilament (NF) networks cross-linked with
Mg2þ at concentrations > 2 mM (39). The increased vari-
ability of G0 (Fig. 4 A, inset) correlates with the occurrence
of filament bundles. Mg2þ concentrations of up to 1 mM did
not induce substantial changes in G00 for the frequencies
investigated in this study (Fig. 4 B). The minimum of G00
that is seen at Mg2þ concentrations > 1 mM shifts to higher
frequencies with rising cross-linker concentrations. It is notFIGURE 2 (Upper row) Morphometry of keratin fila-
ment networks imaged by SEM. The inset in the left panel
illustrates the criteria for identifying physical cross-links,
i.e., bending of filaments at intersections and threefold
connections. (Lower row) Histograms depict the distribu-
tion of contour lengths between cross-links for the indi-
cated Mg2þ concentrations.
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FIGURE 3 Mean-squared displacement of microspheres from K8 and
K18 networks assembled in the presence of the indicated concentrations
of Mg2þ.
FIGURE 4 Average storage (G0, panel A) and loss modulus (G00, panel B)
for K8 and K18 networks assembled in the presence of different concentra-
tions of Mg2þ as well as for keratin networks extracted from epithelial
cancer cells. The insets show the mean and SD of G00 and G000 as deter-
mined at 1 Hz for the indicated Mg2þ concentration.
198 Leitner et al.visible for lower concentrations of Mg2þ because the
frequency spectrum investigated in this study was cut at
0.5 Hz. This observation is compatible with the behavior
of viscoelastic materials and has been described for cross-
linked actin networks with rising cross-linker densities by
means of both micro- and macrorheology (49). We also
determined G00 for the buffer fluid, which could be a major
determinant of the system’s viscosity (Fig. 4 B). The loss
modulus of the buffer fluid approaches that of the K8/K18
network but remains smaller, indicating that network
properties govern G00. In further investigations of this
issue, we will have to study a broader range of cross-linker
concentrations.
We compared the elastic modulus of K8/K18 networks
assembled in the presence of Mg2þ in vitro with that of
K8/K18 networks in epithelial pancreatic carcinoma cells,
which we prepared by removing most nonkeratin compo-
nents from the cytoplasm by extraction with nonionic deter-
gents (30). The concentration of keratin protein in these
cells is between 0.4 and 0.6 mg/ml, which is similar to
that used for the in vitro assembly of K8/K18 networks
(39). At an intracellular location where the architecture of
the keratin network resembles that of K8/K18 networks
in vitro (Fig. 1), the elastic modulus G0 was found to be
larger than that measured in networks assembled in vitro
at physiological Mg2þ concentrations (Fig. 4 A). This result
indicates that cross-linkers other than divalent ions (e.g.,
cross-bridging proteins) contribute to the mechanical
behavior of intracellular keratin IF networks. The loss
modulus G00 of intracellular keratin IF networks exhibits
a frequency dependency similar to that of networks assem-
bled in vitro at high Mg2þ concentrations, although the
absolute values for frequencies > 1.2 Hz are lower than
those for networks assembled in vitro even at low Mg2þ
concentrations (Fig. 4 B). The low loss modulus is probably
due to the fact that the keratin network of adherent cells
remains firmly anchored to the substratum by focal contacts
and hemidesmosomes, which are preserved during theBiophysical Journal 103(2) 195–201sample preparation. Thus, the intracellular network is
unable to move extensively in the buffer fluid.
To date, the majority of studies on the mechanical prop-
erties of IF networks reconstituted in vitro have been based
on bulk rheology measurements. To compare the data from
those studies with our results, we defined the elastic plateau
modulus G00 as the elastic modulus at 1 Hz. Yamada et al.
(50) documented an elastic plateau modulus of 0.3 Pa for
entangled K8/K18 networks with a protein concentration
of 1 mg/ml. Lin et al. (8) and Yao et al. (39) investigated
NF and vimentin IF networks at 1 and 2 mg/ml protein
concentrations, respectively. For a Mg2þ concentration of
2 mM, G00 was found to be within the range of 1–2 Pa for
these cross-linked IF networks. Taking into account the
differences in concentrations of protein and Mg2þ, as well
as the fact that the microscopic modulus can be lower
by a factor of up to 4 than the macroscopic modulus (49),
we conclude that the elastic moduli obtained for keratin
IF networks in this study are compatible with previous
measurements of other types of IF networks.
Recent studies showed that the density of filament cross-
links as determined by divalent ions regulates the elasticity
of IF networks (8,35,36). Fig. 5 depicts the dependence of
FIGURE 5 Dependence of the average elastic plateau modulus G00 of K8
and K18 networks on the Mg2þ concentration was investigated by fitting
different models (thin black line: exponential model G00 ~ (Mg
2þ)x; thick
black line: Flory (53); gray line:MacKintosh et al. (56)). Themodel by Flory
(53) shows an excellent fit for Mg2þ concentrations of up to 1.0 mM, when
the structural heterogeneitywithin the network is small (see inset in Fig. 4A).
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on Mg2þ concentrations. Assuming a scaling of G00 to the
cross-linker concentration R as G00 ~ R
x (51), the data ob-
tained in this study yielded a scaling exponent x of 1.68.
This finding is in line with previously published data on
the impact of rigid cross-linkers (e.g., scruin) on actin
network rheology, which showed a scaling exponent of 2
(48,51). In contrast to these results, Lin et al. (8) found
a scaling exponent of 0.6 for NF networks cross-linked by
Mg2þ. This difference is probably related to the exceptional
biochemical properties of NF, which when assembled from
all three NF proteins (NF-L, NF-M, and NF-H) exhibit
distinctive surface properties due to their very acidic car-
boxy-terminal non-a-helical tail domains (52). Hence, the
in vitro assembled NF-protein filaments exhibit a typical
millipede appearance, with legs extending several tens of
nanometers away from the filament axis, thereby providing
NF with unique mechanical properties.
To investigate the regulation of K8/K18 network
mechanics in more detail, we studied the validity of two
models that predict the elasticity of cross-linked polymer
networks based on network structure. The first model was
developed by Flory (53) and deals with the impact of
cross-link density on the mechanics of networks composed
of flexible linear chains. This model relates the elastic
plateau modulus G00 to the average molecular mass Mc of
the segments between cross-links, i.e., the contour length
of these segments, within the sol fraction us of the polymer
filament system:









where M is the molecular mass of the sol fraction, and c is




Solving Eqs. 1 and 2 for G00 by using the Lambert W func-
tion as a mathematical tool (55), Mc and us are scaled out
and G00 depends only on g. This model was fitted to the
data set relating G00 to the concentration of Mg
2þ ions,
which determines the cross-link density (Fig. 5). Taking
all measurements into account, the model fails to predict
the elasticity for all densities of cross-linkers with sufficient
accuracy (data not shown). By excluding the elasticity for
high Mg2þ concentrations from the fitting, the new fit then
provides an accurate prediction of G00 for Mg
2þ concentra-
tions of up to 1 mM, but underestimatesG00 for higher Mg
2þ
concentrations (Fig. 5). These findings correlate with the
substantial difference in the morphology of filament
networks assembled below or above 1 mMMg2þ. The major
difference between these two concentration ranges is the
occurrence of bundling (Fig. 1). Thus, the model by Flory
(53), which is governed by cross-link density, can predict
network elasticity as long as the properties of the filamen-
tous structures do not vary, i.e., in the absence of bundling.
The second model we investigated was developed by
MacKintosh et al. (56) and describes the affine deformation
of isotropic and homogeneous networks composed of semi-
flexible polymers. The networks elastic plateau modulus
G00 depends on the filaments’ persistence length lp and the





where r is the total length of filaments per unit volume and
2is related to the mesh size x of the network as r ¼ x . The
mesh size represents a lower bound for the cross-linking
length scale. Thus, it should become comparable to lc in
the limit of large cross-linker concentrations. Assuming
a network composed of cuboids with average values of lc
being the length of edges and every edge being shared by
adjacent cuboids, r can be estimated from lc as r ¼ 6 lc2.





Changes of lp due to ion concentrations of up to 100 mM
appear to be negligible according to a model for coun-
terion condensation (57,58). To verify this assumption, we
determined the persistence length for K8/K18 filaments
assembled without or with 0.5 mM Mg2þ (59). The persis-
tence length of filaments assembled in the presence of
0.5 mM Mg2þ differed from that of filaments assembled
without Mg2þ by <5% (440 5 44 nm vs. 420 5 42 nmBiophysical Journal 103(2) 195–201
200 Leitner et al.(mean 5 SD)). Therefore, lp is assumed to be constant,
and G00 now depends only on lc, which we can estimate
from the Mg2þ concentration by the scaling relationship
lc ~ Mg
2þ (x) (8) assuming an inverse relationship between
these two parameters. The scaling factor x was determined
as 0.39 from the data presented in Fig. 2. Thus, G00 relates
to Mg2þ as G00  Mg2þ
ð1:95Þ
. The scaling exponent of 1.95
is larger than the empirically determined exponent of 1.68
(see above) and appears to be more appropriate for higher
Mg2þ concentrations (Fig. 5). This result is in accordance
with the findings of Lin et al. (8), who described an excellent
fit of this model for IF networks assembled at Mg2þ con-
centrations > 1 mM. A calculation of G00 based on Eq. 3,
which uses an estimate of r (1.66  1012 m2) based on
the initial protein concentration in the assembly buffer and
measurement data for lc (Fig. 2), led to values for G
0
0 of
0.6 Pa, 1.1 Pa, and 3.2 Pa for 0.5 nM, 1.0 mM, and
2.0 mM Mg2þ, respectively. However, regarding r as
being dependent on lc resulted in a substantial overestima-
tion of G00. G00 was found to be 21.8 Pa, 60.4 Pa, and
369 Pa for 0.5 nM, 1.0 mM, and 2.0 mMMg2þ, respectively.
In view of the assumptions of this model (56), i.e.,
structural isotropy and homogeneity, this overestimation is
not surprising given the significant degree of structural
heterogeneity within K8/K18 networks, as detected by
both imaging and microrheology (Fig. 4 A, inset). In
comparison with the affine limit (Eq. 3), the elastic modulus
of structurally heterogeneous networks can be reduced
by allowing filament reorientation and bending during
deformation (60).CONCLUSIONS
We have shown that IF networks assembled from purified
K8 and K18 in the presence of physiological Mg2þ concen-
trations are similar to intracellular keratin IF networks.
Network elasticity is modulated by Mg2þ concentrations
that regulate filament cross-linking. Models relating
network architecture and elasticity were fitted to our data
set and suggest that there are two regimes of network
deformation: one for Mg2þ concentrations < 1 mM and
one for Mg2þ concentrations > 1 mM. This observation
is in accordance with structural data demonstrating the
occurrence of bundles in addition to filament cross-linking
in networks assembled at Mg2þ concentrations > 1 mM.
Thus, structurally homogeneous keratin filaments appear
to be a prerequisite for both models. Future studies could
extend these investigations by assessing the impact of pro-
tein cytolinkers (notably plectin (61)) on keratin network
mechanics.
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